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Surface plasmon resonance: a useful technique
for cell biologists to characterize biomolecular

interactions
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ABSTRACT Surface plasmon resonance (SPR) is a powerful technique for monitoring the af-
finity and selectivity of biomolecular interactions. SPR allows for analysis of association and
dissociation rate constants and modeling of biomolecular interaction kinetics, as well as for
equilibrium binding analysis and ligand specificity studies. SPR has received much use and
improved precision in classifying protein—protein interactions, as well as in studying small-
molecule ligand binding to receptors; however, lipid—protein interactions have been under-
served in this regard. With the field of lipids perhaps the next frontier in cellular research, SPR
is a highly advantageous technique for cell biologists, as newly identified proteins that associ-
ate with cellular membranes can be screened rapidly and robustly for lipid specificity and
membrane affinity. This technical perspective discusses the conditions needed to achieve suc-
cess with lipid-protein interactions and highlights the unique lipid—protein interaction mecha-
nisms that have been elucidated using SPR. It is intended to provide the reader a framework
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for quantitative and confident conclusions from SPR analysis of lipid—protein interactions.

LIPID-PROTEIN INTERACTIONS AND SURFACE
PLASMON RESONANCE

The lipid bilayer has a highly polarized structure consisting of a
central hydrocarbon core and two flanking interfacial regions that
are highly dynamic and may contain >1000 different lipids. This
dynamic variety of glycerophospholipids, sphingolipids, and ste-
rols in membrane organelles provides spatial and temporal archi-
tecture to direct signaling processes through target proteins
(Van Meer et al., 2008). Given that nearly half of all proteins are
located in or on membranes, it is not surprising that there are a
variety of conserved lipid-binding domains in eukaryotes, some
of which rank in the top 15 modular domains in the human ge-
nome (Cho and Stahelin, 2005). Because high-affinity interactions
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between these peripheral proteins regulate lipid signaling and
trafficking events from cellular membranes, accurately character-
izing lipid specificity and membrane affinity of peripheral proteins
can clearly establish how the membrane interface signals through-
out the cell. A number of well-established biochemical and bio-
physical experiments have been used to determine the lipid
specificity and affinity of proteins. Among these assays, surface
plasmon resonance (SPR) has emerged as a robust technique
for measuring both protein affinity and specificity for different
lipids and has been used successfully in determining the Ky values
of peripheral proteins harboring a diverse set of lipid-binding
modules (Cho and Stahelin, 2005; Narayan and Lemmon, 2006).
Most SPR instruments are based on the attenuated total reflec-
tance configuration developed by Kretschmann and Raether
(1968). This configuration relies on the phenomenon of total in-
ternal reflection that is observed when light traveling through an
optically dense medium (e.g., glass) reaches an interface between
this medium and a medium of lower optical density (e.g., air) and
is reflected back (Figure 1A). A monochromatic, p-polarized light
source is used in most SPR instruments, and the interface between
two optically dense media is coated with a thin metal film, typi-
cally gold due to its inherent stability. The evanescent wave is a
component of the incident light that is able to couple with free
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FIGURE 1: SPR system and lipid-coating setups, along with equilibrium binding analysis of the
lactadherin C2 domain to a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC):1-palmitoyl-2-
oleoylphosphatidylserine (POPS; 70:30) vesicle surface. (A) A typical SPR setup is shown for one
flow cell in a SPR instrument. The gold surface of a sensor surface can be modified chemically to
allow attachment of a ligand, which could be a protein, a lipid, or another biomolecule of
interest. The analyte is then injected and flowed over the ligand surface to detect binding of the
analyte. Detection of binding to ligand on the gold sensor surface is possible as below the gold
chip surface p-polarized light traveling through an optically dense prism reaches the interface
between the prism and a medium of lower optical density and is reflected back and detected by
an array of photodiodes or charge-coupled detectors. The specific angle of incidence of light
produces a shadow or SPR because of energy transfer between the evanescent wave and
plasmons on the surface of the gold chip. The evanescent wave propagates into the flow cell
opposite the gold interface to ~100 A and is sensitive to the mass concentration on the surface.
The mass change on the surface can be detected in a time-dependent manner as a change in
angle that is reflected to the detectors and displayed on the instrument as change in signal,
typically RU. (B) The two most common surfaces used for coating lipid vesicles are Biacore L1
and HPA chips. The L1 chip (top) allows for coating of intact lipid vesicles through insertion of
alkane groups present on the carboxymethyldextran-coated gold surface. The HPA chip
contains a hydrophobic alkanethiol surface, which promotes the docking of a lipid monolayer on
the surface to form a supported bilayer. Either surface may be useful for SPR experiments, as
outlined in the text. (C) A POPC:POPS surface coated on a L1 chip was used to test the binding
of the lactadherin C2 domain with a Biacore X. A POPC surface was used as a control to correct
for any refractive index changes upon injection of the protein at increasing concentrations. The
C2 domain was injected at increasing concentrations (5, 10, 40, 100, 200, 400, 800, 1600, and
3200 nM) at a flow rate of 30 pl/min to determine the saturation response in signal (RU) at each
respective protein concentration. (D) Saturation values determined from the RU at respective C2
domain concentrations (shown in C) were plotted and fit with a nonlinear least squares analysis
using the equation Req = Rnax/(1 + Kg/C) to determine Ky as shown. Experiments were repeated
in triplicate to determine the average Ky and SD for the lactadherin C2 domain (320 = 90 nM) to
POPC:POPS (70:30) vesicles.

two-dimensional array of photodiodes or
charge-coupled detectors, which allows
for real-time biomolecular interaction
analysis.

RECOMMENDED SETUP FOR LIPID
SURFACES

SPR is advantageous not only because in-
teractions can be monitored in real time,
but also because neither the ligand nor
the analyte require labeling, instruments
have high sensitivity, and high throughput
of samples can be performed. To this end,
SPR has been rigorously applied to pro-
tein—protein and small molecule—protein
interactions. For these types of character-
izations there are extensive reviews and
technical perspectives (Myszka, 1997;
Morton and Myszka, 1998; Rich et al.,
2001). However, the field of lipid—protein
interactions has been less extensively scru-
tinized with regard to experimental details
and methods. Although SPR has had a
number of success stories, it can be diffi-
cult to obtain reliable and reproducible
binding data using SPR due to nonspecific
binding to the sensor chip, mass transport
effects, and protein or lipid surface stabil-
ity. The first step in these experiments is to
prepare a reliable membrane surface that
can recapitulate membranes that the pro-
tein of interest would encounter in cells.
For instance, one needs to use concentra-
tions of the potential lipid ligand of inter-
est that are close to physiological condi-
tions but also at a level that the sensitivity
of instrument can detect binding. For
phosphoinositides (Pls) it is recommended
that concentrations in the 1-3 mol% range
be used in a phosphatidylcholine (PC) ves-
icle. In this way phosphatidylcholine can
be used as a control to directly compare
binding of the protein to PC or PC:PI (97:3)
vesicles.

The majority of our experiments have
been performed on a Biacore X (GE Health-
care), but other Biacore systems and a new
variety of SPR instruments (Bio-Rad, Forte-
Bio, Horiba Scientific, Reichert Analytical
Instruments, etc.) are available and can be
applied. It is recommended, however, that
in most cases only two flow cells be applied

oscillating electrons (plasmons) in the metal film at a specific an-
gle of incidence (resonance angle). This specific angle of inci-
dence produces a shadow or SPR because of energy transfer be-
tween the evanescent wave and plasmons on the surface. The
evanescent wave propagates into the medium opposite the gold
interface and decays exponentially to ~100 A. The SPR signal is
sensitive to the mass concentration on the gold surface, where
the measure of mass concentration on the sensor chip surface is
expressed in resonance units (RU). The mass change on the
surface can be detected in a time-dependent manner by a
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at a time to an experiment. In most SPR instruments the mobile
phase flows sequentially over the flow cells, and migration of some
lipid species, such as phosphoinositides (Narayan and Lemmon,
2006) and anionic sphingolipids, has been detected from the con-
trol flow cell to the active or “test” flow cell surface. This can be
detrimental when comparing lipid specificity or affinity, as both
flow cell surfaces may contain an altered concentration or even
type of phosphoinositide. Preparing flow cell 1 as the control and
flow cell 2 as the active surface will prevent migration and sample
loss of some lipids from flow cell 1 to flow cell 2. In our experience,
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this is necessary to obtain reproducible data over the course of 1
or 2 d of experimentation with a lipid surface. SPR should receive
dedication once a system is working and reproducible. The life-
time of a lipid surface on an L1 chip can last from 12 to 48 h, so |
always reiterate dedication, organization, and experimental plan-
ning during these times for lab members to collect robust repro-
ducible data over a period of 1-2 d. Subsequently, lipid vesicles
can be stripped from the surface and the process repeated, as
discussed later.

LIPID COATING
A variety of methods have been used to capture lipids on the sensor
surface of SPR instrumentation. The most popular and standardized
methods use a supported bilayer (HPA chip) or intact lipid vesicles
(L1 chip; Figure 1B). The HPA chip uses hydrophobic interactions
between alkanethiol groups on the gold sensor surface, which will
capture the hydrophobic tails of lipid molecules injected into the
instrument. This forms a lipid monolayer on the alkanethiol referred
to as a supported bilayer. The L1 chip captures intact lipid vesicles
injected into the instrument using proprietary hydrophobic groups
on the gold carboxymethyldextran sensor surface. In our experience
both systems work well for coating and lipid-binding experiments,
with the L1 chip providing more reproducibility and a longer lifetime
of the sensor surface. On the other hand, the HPA chip is better for
proteins that may or are known to cause vesicle fusion, as these in-
teractions can change the appearance of the vesicles on the L1 chip
surface. To coat the L1 surface, lipid vesicles are prepared at a con-
centration of 0.5 mg/ml in 20 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.4, containing 0.16 M KCl, and are vor-
texed vigorously and passed through a 100-nm polycarbonate filter
using an Avanti MiniExtruder (Avanti Polar Lipids, Alabaster, AL)
according to the manufacturer's instructions. Before coating
with lipids, the sensor surfaces are washed with 25 pl of 40 pM
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), followed by 25 pl of B-octylglucoside at a flow rate of 30 pl/
min. Residual detergent can then be washed away by increasing the
flow rate to 100 pl/min for 10 min or injecting 10 pl of 30% ethanol.
The lipid vesicles can then be coated by injecting 80 ul of lipid
vesicles at a flow rate of 5 pl/min, always coating the active flow cell
first, followed by coating of the control flow cell. This also allows one
to adjust the lipid coating of the control flow cell to match that of the
active flow cell surface in RU. The coating ability of the lipid vesicles
can vary based upon anionic lipid content and usually ranges from
5000 to 9000 RU, with pure zwitterionic vesicles giving the highest
saturation value. The lipid layers are then stabilized with three injec-
tions of 20 pl of 0.1 M NaOH at 30 pl/min, which is also commonly
used as a regeneration solution for removing protein from the lipid
layer. The significance of lipid coating can be verified by injecting
0.1 mg/ml bovine serum albumin (BSA), as <100 RU of BSA should
bind to a well-coated surface, whereas >1000 RU of BSA will bind to
an uncoated or poorly coated lipid surface. We have demonstrated
that BSA left on the sensor surface will not influence lipid-binding
parameters and under some conditions can reduce nonspecific
binding to the L1 chip should the protein of interest nonspecifically
associate with the carboxylmethyldextran layer. Unlike SPR experi-
ments with protein—protein or protein—nucleic acids, it is important
not to include small amounts of detergents in the SPR buffers, as this
can destabilize the lipid surfaces. One drawback to the absence of
detergents in SPR buffers is that the instrument needs to be cleaned
more frequently (every 2-3 d), as protein will be lost to the inner
tube walls of the SPR during experimentation. After 1-2 d of experi-
mentation the lipid surface can be removed with injection of 25 pl of
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40 pM CHAPS, followed by 25 ul of B-octylglucoside at a flow rate
of 30 pl/min, and the process of recoating can then be started. The
L1 chip surface can generally support ~40-60 lipid coatings before
a reduction in the coating efficiency is observed.

How the lipid vesicles form on the L1 surface is still under debate,
with most studies suggesting that vesicles are retained intact on the
L1 chip surface. One study suggested that the vesicles fuse and form
a lipid bilayer (Erb et al., 2000), whereas several others, using imaging
and dye leakage assessment, found strong evidence that the lipid
vesicles are intact on the sensor surface (Stahelin and Cho, 2001;
Honing et al., 2005). The type of surface that forms may be specific to
the types and origins of the lipids and lipid mixtures used, as well as
to the pH and osmolarity of the running buffer. In any case, vesicles
anchored to the L1 chip adopt a structure that is relevant for examin-
ing lipid—protein interactions. Recently membrane curvature has been
shown to play an important role in recruitment of some peripheral
proteins to membrane surface (Bigay and Antonny, 2012). In principle,
this assay is feasible with SPR, as vesicles can be extruded through
different-size polycarbonate filters (e.g., 50-1000 nm) to create vesi-
cles of distinct diameters that can be assessed with dynamic light
scattering and electron microscopy. In our experience vesicles of dif-
ferent diameters can be coated to similar densities on the L1 chip;
however, how different vesicles appear on the surface (i.e., intact ves-
icles or fused bilayer) has not been well characterized. Thus data col-
lected from SPR to assess curvature dependence should at minimum
ensure that vesicles were retained intact on the chip surface by load-
ing vesicles with fluorescent dye that can be detected in the running
buffer should vesicles fuse. Finally, if at first your protein doesn’t bind
to the lipid ligand of interest, don't fret! It is coming to light that many
peripheral proteins are coincidence detectors (Moravcevic et al.,
2012; Scott et al., 2012) and actually bind to two or more distinct lip-
ids. Thus some proteins require both lipids to be present in vesicles to
have significant membrane affinity. This means that lipid screening by
SPR or another assay may need to be performed to investigate the
probable combination of lipids that could possibly bind.

LIPID-BINDING ANALYSIS
Kinetic analysis of SPR data can be quite cumbersome and requires
careful consideration before publishing results. In brief, the rate of
adsorption and desorption are dependent on intrinsic kinetics and
mass transport of the system. Diffusion through the boundary layer
is usually much slower than the intrinsic adsorption kinetics and is,
therefore, the rate-determining factor. The best method of detecting
a mass transport limitation is to vary the flow rate of the system and
calculate rate constants under these varying conditions. If mass
transport is not rate limiting, then rate constants will be consistent
over a broad range of flow rates. This holds true because diffusion
kinetics is dependent on the flow rate, whereas intrinsic kinetics is
not. To eliminate potential mass transport effects, the rate of diffu-
sion must be increased and the rate of binding reduced. Thus in-
creasing the flow rate and decreasing the ligand density so as to re-
duce the number of available binding sites are two ways of minimizing
the mass transport limitations of a system. The mass transfer effect
and its kinetic interpretation have been studied at length but not for
lipid—protein interactions. Some previous work addressed these is-
sues to demonstrate that kinetics was independent of flow rate for
some lipid-binding proteins (Stahelin and Cho, 2001; Stahelin et al.,
2002). The mass transfer effect is not the only variable that can hin-
der accurate kinetic interpretation, as other factors to be considered
include matrix effects, sample purity, and ligand homogeneity.

The validity of using rate constants to calculate equilibrium con-
stants has often been questioned due to neglect of factors in the
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binding model such as mass transport, steric hindrance, possibility
of more-complex binding schemes, or ligand homogeneity. For
these reasons it may be advantageous and more accurate to ana-
lyze the equilibrium binding constant (Ky) using saturation mea-
surements. In fact, in some cases kinetic analysis has overestimated
the Ky of some lipid-binding proteins (Narayan and Lemmon,
2006), whereas other studies have clearly demonstrated consis-
tency between kinetic analysis and saturation measurements
(Stahelin and Cho, 2001; Stahelin et al., 2002, 2007). The apparent
Ky can be determined by first assuming that a protein molecule
binds to one binding site present on a lipid vesicle (may be one
lipid molecule or many). The protein is then injected at increasing
concentrations to reach a steady-state signal for each respective
concentration (Figure 1C), where it is assumed that steady state
occurs and the rate of protein association and dissociation are
equal. These steady-state RU values are then plotted versus pro-
tein concentration (Figure 1D) to calculate the apparent Ky using
the equation Req = Rmax/(1 + Ky/C), where Req is the binding signal
obtained at saturation for each respective free protein concentra-
tion (C) and Rpax is the binding signal at saturation. For newly dis-
covered proteins a secondary method should be used to verify the
Ky determined by SPR analysis. In addition, it his highly recom-
mended that appropriate positive and negative controls be used
for lipid ligand specificity and membrane affinity. For instance, for
a new phosphatidylinositol-3-phosphate-binding protein a FYVE
or PX domain could be used as a positive control, and a PH or C2
domain with different Pl specificity could be used as a negative
control. This will help to demonstrate the validity of the lipid speci-
ficity but also demonstrate that the Pl is behaving appropriately.

SUMMARY

SPR has greatly affected the ability to characterize lipid specificity
and the affinity of a variety of lipid-binding proteins. This technique
provides a robust platform with which to come to quantitative and
confident conclusions regarding lipid specificity and a Ky for differ-
ent compositions of lipid vesicles. To this end, equilibrium binding
analysis is recommended when determining Ky values. At a mini-
mum, SPR should be able to decipher lipid specificity for a protein
when only small protein sample sizes are available When large pro-
tein and mutant samples are available, SPR, in conjunction with
other biochemical and cellular experiments, can be used to gener-
ate schematic models of lipid-protein and other biomolecular
interactions.
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